Families of related genes are thought to be generated mainly by gene duplication (Clark, 1994; Doolittle, 1995) . Duplicated genes may diverge both at the level of protein sequence and mode of expression to assume overlapping but distinct functions. Besides duplication of genes, outof-register-recombination of related genes in germline or somatic cells may at times also eliminate one gene, leaving a chimeric gene behind which might be compromised in its function. Indeed, such gene chimeras between related gene family members are readily seen in non-oncogenic genes; for example, hemoglobin Lepore (Seward et al., 1993) results from an out-of-register recombination between ␥ and ␤ globin (Hardison and Miller, 1993) , and red-green blindness from a recombination of rhodopsin genes (Bao and Yang, 1991) .
In marked contrast, a typical way of generating an oncogene is by chromosome translocation in somatic cells, whereby a proto-oncogene is either brought under the influence of a strong regulatory region, notably an enhancer, or its protein coding region is directly fused to that of another gene (Magrath 1992; Barr, 1998) . Oncogenic translocations typically involve, at the DNA sequence level, the joining of unrelated DNA.
We hypothesize that chimeras between differently regulated members of the same proto-oncogene family would threaten proper control of cell growth (see also Matsuo et al., 1994) . While such events in germ cells may well be incompatible with embryonic development, and hence selected against at an early stage, increased expression and/or improper regulation may be particularly undesirable in somatic cells, since they may cause cancer. Even in plants, a family of transcription factor genes was found to be dispersed in the genome (Fischer et al., 1995) . Consequently, we assume that there is a strong selection pressure against gene chimeras as a result of out-of-register-recombination, and that such related control genes are separated in the genome to minimize recombination between them.
For genes other than those involved in growth control, distorted gene function as a result of homologous out-ofregister recombination should not have such dire consequences and lead, at most, to death of individual cells. To test this hypothesis, we examined gene families whose members include proto-oncogenes as well as gene families whose members are considered 'harmless' from the point of view of growth control. According to the hypothesis, one would expect a clear difference in the localization Two pronounced examples are shown, ras-related genes (A) and metallothionein genes (B; Stennard et al., 1994) which are completely dispersed and linked, respectively. The Rap1A and N-Ras genes map to different chromosomal bands; processed metallothionein pseudogenes (MT2BP and another one not mapped on the genome) are not considered for linkage assignment, as outlined in the text. pattern of the members of proto-oncogene families compared to that of members of non-oncogene families.
For our investigation we only considered genes to be members of the same family when they displayed a reasonable similarity throughout their full-length protein coding sequence, rather than only over a common motif (such as zinc fingers or homeodomains, which may also spread in the genome by 'exon-shuffling') (Gilbert, 1978) . We attempted to choose at random ten proto-oncogene families and ten 'harmless' gene families, ensuring that they consist of at least three members (in cytochrome P450 we took subfamily 2 which has the highest number of members). Two extreme examples of gene families are shown in Figure 1 , namely ras-related genes and metallothioneins, which are all dispersed and clustered, respectively.
One major problem in analyzing the data was to purge them from redundant sequence entries. Additional problems regarding the localization pattern of gene families arose, as most of the available data had been obtained by FISH (fluorescence in situ hybridization) and mapping with this method is sometimes imprecise. Thus, a gene assigned to several bands that overlap with the localization of another member of the same family could mean anything, from close linkage to a separation by several megabases. To define the amount of linkage among the members of a gene family, we considered all genes (or pseudogenes) mapping to one single chromosome band to be clustered. Processed pseudogenes, which arise by random retrotransposition rather than gene duplication, were not included in the analysis. In an attempt to quantify linkage values, we assigned to each gene that mapped to the same locus as another member of that family one 'linkage' point, while genes whose locations overlapped because of imprecise mapping were counted half. To obtain the linkage value of any gene family, these points were divided through the total number of members. A graphic display of linkage values for the proto-oncogene families as well as for the 'harmless' gene families is shown in Figure 2 .
As is seen in this Figure, there is a clear difference in the localization pattern of members of proto-oncogene versus 'harmless' gene families, although the exact location of many of the family members is not yet known. Generally it appears that proto-oncogene families have less members than the 'harmless' gene families; in the examples shown the average number of members is 9.8 vs. 14.3, respectively. This may be related to the higher rank of the former ones in the hierarchy of cellular regulation processes. Among the proto-oncogene families only the platelet-derived growth factor receptor (PDGFR) family showed clustering of functional genes on chromosomes 4, 5 and 13, and two members of the wnt family map to the same locus (12q13). In addition, two members of the Yes/Fyn/Src/Lck family are overlapping. By contrast, among the 'harmless' gene families, clustering was observed in 9 of 10 gene families, even though only in two families all members were clustered to one single locus (metallothionein and growth hormone family).
Even though we do not know the three-dimensional structure of the nucleus, we assume that the dispersion of regulatory genes includes the third dimension, i.e. that their localization in the genome minimizes the chance of meeting/recombining with another member of their own family.
To date, with the limitations of gene mapping indicated above, it seems too early to draw any definite conclusions. Nevertheless, the data presented here indicate that there might be an evolutionary pressure on closely related proto-oncogenes, that must have arisen by duplication from an ancestral gene, to be kept separated in the human genome. In some cases, the mere distribution pattern of a gene family may suggest an involvement in growth control.
